Running title: Role of Acid SMase Pathway in UVA-induced Apoptosis
INTRODUCTION
Cell death is an irreversible process that culminates in cessation of biological activity (1, 2, 3) and can occur through apoptosis or necrosis (4) (5) (6) (7) (8) (9) (10) (11) . Apoptosis is an active and physiological mode of cell death and is well characterized by morphological changes including cell shrinkage, cytoplasmic bleeding, chromatin condensation and DNA fragmentation (2) . In recent years, substantial progress has been made in understanding the multi-step regulatory mechanisms that are associated with a cell's propensity to respond to various stimuli with apoptosis (1, 2, 7, 8) . The regulatory system involves the presence of at least two distinct checkpoints, one controlled by the bcl-2/bax family of proteins (5, 6, 7) and the other by the cysteine-and possibly serine-proteases (2, 7, 8, 12, (20) (21) (22) . In addition, mitochondria (9, 13) and the sphingomyelin (SM) 1 -ceramide pathway (11, 12, (14) (15) (16) (17) play important roles in apoptotic signal transduction. These systems interact with the machinery regulating cell proliferation and DNA repair through several oncogenes and tumor suppressor genes such as p53 (2) . Hence, antitumor strategies based on modulation of the cell's propensity to undergo apoptosis attract great interest in oncology.
Sphingolipids such as SM had been previously regarded as metabolically inactive, functioning only as structural components of the membrane (17, 18) . However, besides its structural role in biomembranes, SM plays a pivotal role in signal transduction and regulation of cellular functions including growth, differentiation, proliferation and apoptosis (14) (15) (16) (17) (18) . A number of studies have demonstrated that extracellular cytokines and stress stimuli, such as TNFα, IL-1β, FAS ligand, heat shock, γ-radiation (23) and UVC irradiation (12, 14) , cause the activation of sphingomyelinase (SMase) and the release of ceramide. Ceramide, a product of SMase-catalyzed hydrolysis of SM, was shown to act as a lipid second messenger or 4 biomodulator of diverse stress-related responses including cell cycle arrest, cell senescence and apoptosis (14) (15) (16) (17) (18) (19) (20) (21) (22) . This pathway is referred to as the SM cycle, SM-ceramide pathway (11, 17) , or the SMase pathway. To date, at least seven classes of mammalian SMases have been described, differing in subcellular location, pH optimum, cation dependence, and roles in cell regulation (11, 15, 17) . Two forms of SMases, distinguishable by their pH optima, are capable of initiating signal transduction (12) . The acid SMase (pH optimum 4.5-5.0) is activated in cells exposed to ionizing radiation, FAS, CD28, IL-1 or TNFα (23, 24) . The neutral SMase (pH optimum 7.4) has been implicated in mediating apoptosis in cells exposed to serum starvation, anti-FAS antibody, vitamin D, TNFα, or cytosine arabinoside (25, 26) .
Solar ultraviolet (UV) radiation is known to be one of the most common environmental carcinogens leading to skin cancer (27, 28, 29) . Also, UV exposure induces apoptosis in cultured cells and in vivo (29, 30) . Most research has focused on the UVC (200-290 nm) and UVB (290-320 nm) induction of apoptosis (31, 32) and little is known about the effect of UVA (320-400 nm), which comprises over 90% of the solar UV. Here, we observed that acid SMase is activated by UVA and we provided evidence that UVA-induced apoptosis is dependent on acid SMase activity. Exogenous sphingomyelinase and its product, ceramide, also induce apoptosis independent of activation of intracellular SMase, but induction of apoptosis by SM is dependent on the SMase activity. Our data further indicated that UVA-induced apoptosis may occur through activation of JNKs via the SMase pathway. were pelleted by centrifugation at 1,500 g for 10 min at 4 o C and washed twice with ice-cold PBS. The cell pellet was resuspended and lysed in 0.6 ml of buffer containing 50 mM sodium acetate, pH 5.0, 1% Triton X-100, 1 µg/ml aprotinin, 1 mM EDTA and 100 µg/ml PMSF for 60 min on ice. Then the supernatant fraction was saved by centrifugation at 17,000 g for 10 min at 
MATERIALS AND METHODS

Reagents
Phosphorylation of ERKs, JNKs and p38-Mitogen activated protein kinases (MAPKs),
including ERKs, JNKs and p38 kinases, are known to be activated via phosphorylation (40) .
Therefore, the phosphorylated levels of MAPKs reflect MAPKs activity. Here, immunoblot analysis of phosphorylated proteins for ERKs, JNKs and p38 kinase was carried out using the specific antibodies against phosphorylated sites of ERKs (Tyr204 of p44 and p42), JNKs (Thr183/Tyr185), and p38 kinase (Thr180 /Tyr182) (New England Biolabs, Inc., Beverly, MA).
Briefly, JY or MS1418 cells (3 x 10 6 ) growing exponentially were seeded in a 100-mm dish and 
Preparation and Analysis of Normal, JNK1-/-, and JNK2-/-Primary Embryo
Fibroblasts-Embryonic fibroblasts from normal, JNK1-/-, and JNK2-/-knockout mice were isolated and prepared according to the procedure of Loo and Cotman (41). Cells were established in culture in DMEM supplemented with 10% FBS, 2 mM L-glutamine, 100 units/ml penicillin, and 100 µg/ml of streptomycin in a humidified atmosphere of 5% CO 2 at 37 °C. For analysis of apoptosis, the cells were irradiated with UVA in serum-free DMEM and the cells were lysed and the DNA laddering assay was performed as described above.
RESULTS
Activation of Acid SMase by UVA, UVB and UVC Irradiation-Acid
SMase plays an important role in cellular response to extracellular stimuli by transmitting the signal into cells through the acid SMase pathway (11, 12, 14-18, 23, 24) . The Amplex TM SMase assay kit (38) was used for measuring acid SMase activity in vitro in UVA-, UVB-and UVC-irradiated cell preparations. As shown in Fig. 1 , in normal JY cells, acid SMase was activated almost immediately after UVA, UVB or UVC irradiation, but in acid SMase-deficient MS1418 cells the induction was comparatively weaker. In normal JY cells, the peak of acid SMase activity appeared at 15 min following UVA irradiation and the activity was maintained at least 30 min.
In JY cells treated with UVB or UVC, the activation peak occurred almost immediately at 5 min following irradiation and was maintained at that level or slightly higher for at least 30 min. In min and then the activity goes back to unstimulated levels. The peak level of acid SMase activity in normal JY cells was at least 3-4 fold greater than that observed in SMase-deficient MS1418 cells (Fig. 1) .
Increased Cellular Ceramide Level Following UVA-, UVB-, or UVC-irradiation
Ceramide is generated by the hydrolysis of SM by SMase (14) (15) (16) (17) (18) (19) (20) (21) (22) . Ceramide levels were measured by GC-MS (Schmid et al., manuscript in preparation). In JY cells, ceramide levels increased almost immediately after UVA-, UVB-, or UVC-irradiation, but no increase was observed in the SMase-deficient MS1418 cells (Fig. 2) . These data and those in Fig. 1 indicated that the increase in ceramide in JY cells following exposure to UV irradiation is caused by acid SMase activation. (Fig. 3A) . The number of apoptotic nuclei determined by Hoechst staining was directly related to doses of UVA irradiation (Fig. 3C) . Typical apoptosis occurred in JY cells at 6 h after UVA irradiation (80 kJ/m 2 ) and then increased until 12 h (Fig.   3B, left panel) . In contrast, the time-dependent apoptotic response was significantly diminished in MS1418 cells (Fig. 3B, right panel) . On the other hand, UVB-or UVC-induced apoptosis was not significantly different in either SMase-normal or SMase-deficient cells (Fig. 3, A, B and C) .
UVA-induced Apoptosis Occurs in SMase-normal Cells but Is Inhibited in
These data suggested that UVA-, but not UVB-or UVC-induced apoptosis may depend on activation of the acid SMase pathway.
Exogenous Acid SMase and Ceramide Can Induce Apoptosis in Both Normal and SMase-
deficient Cells-Intracellular levels of ceramide have been shown to increase in response to various extracellular stimuli including UV exposure (12, 20, 42) and ceramide has been reported to induce apoptosis in target cells (15, 42) . Here, our data show that apoptosis was induced after treatment of both normal JY and SMase-deficient MS1418 cells with exogenous SMase (Fig. 4B) or cell-permeant C2-ceramide (Fig. 4A) . However, apoptosis did not occur in either cell line after treatment with C2-dihydroceramide, an internal negative control (Fig. 4A) . Additionally, phosphocholine, another hydrolysis product of SMase, did not induce apoptosis in either cell line (data not shown). These data suggested that SMase and ceramide, but not phosphocholine, are implicated in mediating apoptosis.
Exogenous SM can Induce Apoptosis in SMase-normal Cells but Not in SMase-deficient
Cells-SM is hydrolyzed by SMase to generate ceramide and phosphocholine. As shown in 
UVA-induced Phosphorylation of JNKs is SMase-dependent-Activation of JNKs by
UVB and UVC has been shown to be SMase-dependent (43). Here, we found that UVA-induced phosphorylation of JNKs was also SMase-dependent (Fig. 5, A and B) and the phosphorylation coincided with activation of acid SMase by UVA (Fig. 1) . In addition, UVB or UVC-induced phosphorylation of JNKs occurred in JY cells (Fig. 5, A and B) , but in SMase-deficient MS1418 cells, JNKs phosphorylation was not significantly induced by UVA, UVB or UVC (Fig. 5, A and B ). These data suggested that SMase is required for activation of JNKs by UVA, UVB or UVC, further indicating that JNKs are downstream kinases of the SMase signaling pathway.
Additionally, TPA-induced phosphorylation of JNKs was observed in both cell lines (Fig. 5A ),
suggesting that TPA-induced activation of JNKs may be independent of SMase.
UVA-, UVB-, UVC-induced Phosphorylation of ERKs is Inhibited in SMase-normal Cells
Compared to SMase-deficient MS1418 Cells-Although ERKs were reported not to be activated by UVA irradiation (44), our data showed that UVA, like UVB and UVC, induced phosphorylation of ERKs in SMase-deficient MS1418 cells and the phosphorylation was blocked in SMase-normal JY cells compared to control values (Fig. 6, A and B) . The data suggested that ERKs phosphorylation may not be related to UV-induced activation of SMase signaling in JY cells.
UVA-, but not UVB-or UVC-induced Phosphorylation of p38 Kinase, is also Inhibited in
Normal SMase Cells-Activation of p38 kinase was shown to be induced by UVA (44). Here, our data showed that UVA-induced phosphorylation of p38 kinase occurred in both JY and MS1418 cells, but the phosphorylation appeared to be less in JY cells (Fig. 7, A and B) . On the other hand, UVB-or UVC-induced phosphorylation of p38 kinase was not significantly different overall in these two cell lines (Fig. 7, A and B) . These data also suggested that UVA-induced p38 kinase activation is not related to UV-induced activation of the SMase signaling pathway.
PD98059 and SB202190 do not Inhibit UVA-induced Apoptosis in JY Cells-Whether
activation of ERKs or p38 kinase is reported to be involved in apoptosis or anti-apoptosis depends on cell type and the kind of stimulation (45, 46, 47). Here, to further study the role of ERKs and p38 kinase in UVA-induced apoptosis, we used PD98059, a selective inhibitor of MEK1 resulting in inhibition of ERK activation (48), and SB202190, a selective inhibitor of p38 kinase activation (49). Our data showed that PD98059 and SB202190 did not inhibit UVAinduced apoptosis in JY cells (Fig. 8, left panel) . On the other hand, UVA-induced apoptosis was observed in SMase-deficient MS1418 cells after pretreatment with PD98059 or SB202190 (Fig. 8, right panel) . These data suggested that ERKs and p38 kinase are not required for UVAinduced apoptosis in normal JY cells.
UVA-induced Apoptosis is Blocked in JNK1-/-and JNK2-/-Cells-Activation of JNKs is
known to result in phosphorylation of c-Jun and to be involved in the induction of apoptosis (12, 45, 46). JNKs were activated by UVA via the acid SMase pathway as described above (Fig. 5) .
Here, our data showed further that UVA-induced apoptosis markedly blocked JNK1-/-and JNK2-/-cells compared to wild-type JNK+/+ cells (Fig. 9B ), although induction of acid SMAse activity occurred immediately following UVA irradiation of the three cell lines (Fig. 9A) . Taken together, our data indicated that UVA-induced apoptosis occurs through the SMase signaling activation of JNK1 and JNK2 and not through activation of ERKs or p38 kinases. In this study, we provide evidence that UVA, UVB and UVC can all activate acid SMase ( Fig. 1 ) and lead to an increase in ceramide levels (Fig. 2) pathways (e.g., ERKs) that may protect against UVA-induced apoptosis in these cells. We also found that UVA, as well as UVB and UVC, induced phosphorylation and activation of p38 kinase (Fig. 7) . However, UVA-induced phosphorylation of p38 kinase appeared to be less in SMase-normal JY cells compared to SMase-deficient MS1418 cells, whereas UVB-or UVCinduced phosphorylation was similar between the two cell lines (Fig. 7) . Neither inhibition of UVA-induced ERKs activation by PD98059 (48) nor inhibition of p38 kinase activation by SB202190 (49) blocked UVA-induced apoptosis in normal JY cells (Fig. 8, left panel) .
DISCUSSION
However, MS1418 cells pretreated with PD98059 or SB202190 now showed typical apoptosis following UVA irradiation (Fig. 8, right panel) . These results further confirm that activation and phosphorylation of ERKs and p38 kinase do not appear to be involved in UVA-induced apoptosis in normal JY cells, but in the absence of SMase, UVA irradiation may induce ERKs and p38 kinase leading to inhibition of apoptosis.
Acid SMase was previously shown to be involved in UVB and UVC-induced activation of JNKs (43). In the present study, we observed that UVA, like UVB and UVC, induced Zhang, et al. 
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